Introduction
Activation of phosphatidylinositol 3-kinase (PI3K) signaling by mutations in the PIK3CA oncogene or the tumor suppressor PTEN is associated with tumorigenesis, motility and metastasis of a number of cancers, including colorectal cancer (CRC) [1, 2] . Current dogma predicates that cancers dependent on activation of the PI3K/Akt pathway signal through the downstream protein, mammalian target of rapamycin (mTOR), to drive tumorigenesis [3] . PIK3CA mutations often coexist with KRAS and/or BRAF mutations, which serve to activate the Ras-mitogen activated protein kinase (MAPK) pathway; these pathways cooperate to drive the growth of several human tumors [4] [5] [6] . mTOR is a serine/threonine kinase that regulates cell growth and metabolism. It forms two, distinct functional complexes: mTORC1 and mTORC2 [3] . mTORC1 phosphorylates and activates the eukaryotic translation initiation factor 4E (eIF4E) binding protein (4E-BP1) and the p70S6 ribosomal kinase (S6K), which regulate protein synthesis [7] . Conversely, mTORC2 plays a role in regulating cell proliferation and survival, as well as cell-cycle-dependent changes in the actin cytoskeleton. mTORC2 is the major hydrophobic kinase to phosphorylate the Serine 473 residue of Akt, which is required for complete activation of the latter, thus placing mTOR both upstream and downstream of Akt [3, 8] . We have shown previously that both mTORC1 and mTORC2 regulate the tumorigenesis and metastasis of CRCs [9] . The bacterially derived drug, rapamycin, complexes with the FK506 binding protein (FKBP) 12, and the drug-receptor complex inhibits mTOR activity [3, 10] . Rapamycin moderately inhibits mTORC1; mTORC2 is thought to be rapamycin insensitive, but prolonged treatment inhibits its assembly in certain cells [3, 8] .
Despite the seemingly clear mechanism of action of rapamycin and sound rationale for its use in cancer therapy, first-generation mTOR inhibitors have had only modest and unpredictable success in clinical trials for most solid tumors [3, 10] . Inhibition of mTORC1 by rapamycin leads to loss of negative feedback via S6K and insulin-like growth factor-1 receptor (IGF-1R), which results in feedback activation of Akt [11] . Moreover, inhibition of mTORC1 with rapamycin also activates Ras/MAPK signaling through an S6K-PI3-KRAS feedback loop in several different types of cancers dependent on PI3K signaling [12] . These findings have important therapeutic implications since feedback activation of PI3K/Akt and Ras/MAPK signaling promotes cell survival and resistance to the therapeutic effects of mTORC1 inhibition using rapamycin.
Sorafenib is a multikinase inhibitor of Ras/MAPK signaling at the level of Raf kinase, which also inhibits several other growth factor receptors, such as VEGFR and PDGFR [13, 14] . Its potent antiproliferative and antiangiogenic effects make it an attractive agent in the treatment of solid tumors. Unlike other Ras/MAPK pathway inhibitors, which are currently in various phases of preclinical testing and early phases of clinical trials, sorafenib is approved by the FDA for treatment of renal cell carcinoma and hepatocellular carcinoma, which facilitates rapid incorporation into clinical trials for patients with other solid tumors [15, 16] . In this study, we determined the efficacy of combined sorafenib and rapamycin treatment against CRC tumorigenesis and progression.
Materials and methods

Immunohistochemistry
Tissue microarrays containing normal and cancer tissues, A203 (VI), were purchased from ISUABXIS through Accurate Chemical & Scientific Corporation (Westbury, NY). Each array consisted of tissue derived from 20 patients: 40 tumor cores, 10 normal cores. Immunohistochemistry (IHC) was performed as described previously [9, 17] . Scoring was performed blindly by a pathologist according to a semiquantitative seven-tier system developed by Allred et al. [18] . pAkt Ser473 and pERK Thr202/Tyr204 antibodies were purchased from Cell Signaling (Danvers, MA).
Cell lines, plasmid transfections and lentiviral transductions
The human CRC cell lines HCT116, SW620, DLD-1, HT-29 and Caco-2 were obtained from American Type Culture Collection (Manassas, VA). Generation of HCT116 stable knockdown mTOR, Raptor, Rictor and TSC2 cells was performed as described previously [9] .
Cell proliferation and apoptosis analysis
Equal numbers of cells were seeded onto 24-well plates at a density of 2 × 10 4 cells per well in the appropriate culture medium with supplements. For proliferation, cells were treated with varying doses of rapamycin (Calbiochem, San Diego, CA) and/or sorafenib (Bayer Pharmaceuticals, Seattle, WA) for 72 h. Cells were trypsinized and counted using a cell counter (Beckman-Coulter, Fullerton, CA). For apoptosis assays, cells were serum starved for 24 h, treated with rapamycin and/or sorafenib for 48 h and apoptosis was measured using the Cell Death Detection ELISA plus (Roche, Indianapolis, IN) as detailed in the manufacturer's instructions. Control group was treated with appropriate vehicle for all experiments. Cells (1 × 10 4 ) were trypsinized, washed with PBS and fixed in 70% methanol. Fixed cells were then washed with PBS, incubated with 100 μg/ml RNAase for 30 min at 37°C, stained with propidium iodide (50 μg/ml). Cells were subjected to flow cytometry analysis using Becton Dickinson FACScanto (Franklin Lakes, NJ). The percentages of cells in different cell cycle phases were analyzed using ModFit LT software (Verity Software House).
Cell-cycle analysis
Western blot analysis
Western blot analysis was performed as described previously [9, 17] , total Akt, total ERK, β-actin, TSC2, p-p70S6K Thr389 and pS6 Ser235/236 .
Immunofluorescence
Immunofluorescence staining was performed as described previously [19] . Foxo3a antibody was obtained from Santa Cruz (Santa Cruz, CA). Images were acquired using Nikon TE2000 inverted microscope (200x objective) and NIS Elements AR3.10 software.
Migration assay
A monolayer wound-healing (scratch) assay was used to compare the migratory ability of HCT116 cells treated with rapamycin (50 nM) and/or sorafenib (5 μM) as described previously [19] . Control group was treated with appropriate vehicle for all experiments.
Invasion assay
A modified Boyden chamber assay with Matrigel-coated Transwell chambers was performed with HCT116 cells treated with rapamycin (50 nM) and/or sorafenib (5 μM) as described previously [19] . Control group was treated with appropriate vehicle for all experiments.
Soft agar colony formation HCT116 cells were plated in six-well plates at concentrations of 5 × 10 3 cells per well. The final concentration of base agar was 0.8%, while the final concentration of top agar was 0.4% (Lonza, Rockland, ME). Appropriate drug treatment was added to the overlying medium. After incubation for 30 days, colonies were stained with a 0.01% crystal violet solution, washed with distilled water to remove excess dye, imaged using the Alpha Innotech Imaging system and quantified using the AlphaEase software.
In vivo studies HCT116 cells were collected in 100 µl of sterile PBS and inoculated subcutaneously into 6-week-old male athymic nude mice at 1 × 10 6 cells per injection site. The mice were then randomized into four groups (n = 5 for each group): (a) Vehicle, (b) Rapamycin, 5 mg/kg, (c) Sorafenib, 30 mg/kg, or (d) Rapamycin (5 mg/kg) and Sorafenib (30 mg/kg). Rapamycin was dissolved in 4% ethanol/5% PEG400/5% Tween 80 in water. Sorafenib was dissolved in Cremophor EL/ethanol (50:50; Sigma Cremophor EL, 95% ethyl alcohol) in water. All mice were given vehicle, rapamycin and/or sorafenib via oral gavage five days per week. The tumor size was measured with a vernier caliper and the tumor volume was defined as (longest diameter) × (shortest diameter) 2 / 2. At the end of the experiment (day 23 post injection), mice were sacrificed and tumors removed, weighed and processed for IHC and western blot analysis. All animal procedures were performed in the nude mouse facility using protocols approved by the Institutional Animal Care and Use Committee.
Statistical analysis
Comparisons of semiquantitative IHC scores were performed using Wilcoxon rank-sum test or the signed rank test (Figure 1 ). Correlations between biomarkers were assessed by calculating Spearman's correlation coefficient. In vitro combination studies of rapamycin and sorafenib to assess cell numbers were performed by evaluating several dose levels of each agent as well as several dose levels of the combination of the two agents. Analysis of variance model was employed to compare between treatment groups and across dose levels. Furthermore, assessments of synergy using fixed constant ratio of the combination agents were accomplished by calculating combination index and isobologram ( Figure 2 ) [20] . Analysis of variance model which incorporates treatment group, cell line and several time points of measurement as well as interaction between factors were utilized for analysis for proliferation experiments measuring cell numbers in Figures 3 and 4. Contrasts were generated from the model for specific pairwise comparisons between treatment and control or between combination versus single agent therapies at specific time points of interest ( Figure 5 ). Likewise, tumor-volume and tumor-weight data using xenograft mouse models was compared between treatment groups by analysis of variance ( Figure 6 ). All error bars refer to standard deviation from the mean. 
Results
Both PI3K/Akt and Ras/MAPK signaling pathways are activated in stage IV CRCs. To determine the specific expression changes associated with CRC growth and progression, we analyzed tissues from 20 stage IV CRC patients for pAkt Ser473 and pERK Thr202/Tyr204 expression in matched normal colon, primary tumor and associated liver metastasis. Each sample was assigned an immunoreactivity score ranging from 0-6. Representative samples for each protein are shown ( Figure 1A ) along with analysis ( Figure 1B ). Paired comparisons of immunoreactivity scores between normal versus primary tumors and normal versus metastatic tumors were significant (P ≤ 0.001) for both proteins. However, no significant differences were observed between primary tumors versus liver metastases. Furthermore, there was a significant positive correlation noted between pAkt Ser473 and pERK Thr202/ Tyr204 expression in both normal colonic tissue (r = 0.84, P = 0.0002) and tumor tissue (including both primary tumor and liver metastases; r = 0.77, P < 0.0001), suggesting that both pathways are commonly activated in the same patient ( Figure 1C ). Taken together, these findings suggest that both PI3K/Akt and Ras/MAPK pathways are activated in primary CRCs and that this increased expression is maintained in the associated distant metastasis. Moreover, these two pathways may cooperate to drive the aberrant growth and progression of advanced CRCs. We have previously shown that mTOR signaling plays a critical role in regulating the tumorigenesis and metastasis of CRC [9, 19] . However, the response to the anti-proliferative effects of rapamycin is highly variable. To elucidate the mechanisms contributing to rapamycin resistance, we determined the effect of rapamycin on intracellular signaling in CRC cells with aberrant PI3K/Akt signaling. HCT116 cells, harboring a PIK3CA mutation (H1047R), treated with rapamycin (50 nM) over a 24 h time period demonstrate induction of both pAkt Ser473 and pERK Thr202/Tyr204 levels ( Figure 2A ). Sorafenib is a multikinase inhibitor, which potently inhibits the Ras/MAPK pathway at the level of BRAF kinase [13] [14] [15] [16] . We found that the combination of rapamycin with sorafenib attenuates feedback activation of pERK Thr202/Tyr204
, which was noted on treatment with rapamycin alone (Figure 2A) . Surprisingly, sorafenib also reduced rapamycin-mediated feedback activation of pAkt Ser473 . We confirmed this finding by evaluating the nuclear translocation of Foxo3a as a result of dephosphorylation of Akt. As shown in Figure 2B , we noted a significant induction of nuclear translocation of Foxo3a upon combination of sorafenib with rapamycin. The finding that combination of rapamycin with sorafenib can attenuate the feedback induction of PI3K/Akt and Ras/MAPK signaling, both of which may contribute to rapamycin resistance noted in CRC, prompted us to pursue the potential therapeutic benefit of this combination in CRC treatment.
We hypothesized that the aforementioned modulation of signaling pathways observed with the sorafenib and rapamycin combination would result in synergistic interactions between these two agents. We determined the effect of combining varying concentrations of both rapamycin and sorafenib on HCT116 cell proliferation over a period of 72 h ( Figure 2C ) and performed combination index (CI) analysis ( Figure 2D ) using the Chou-Talalay method to assess whether the interactions between these targeted therapies are synergistic (CI < 1), additive (CI = 1) or antagonistic (CI > 1) [20] . At the ED 50 doses for both rapamycin and sorafenib, we found that CI = 0.47, suggesting that rapamycin and sorafenib synergistically inhibit proliferation of CRCs. We hypothesize that the synergism noted between rapamycin and sorafenib may be due to the ability of sorafenib to attenuate the induction of PI3K/Akt and Ras/MAPK signaling noted with rapamycin monotherapy. Taken together, these findings demonstrate that the combination of rapamycin with sorafenib is synergistic and more effective in inhibiting proliferation of CRCs than treatment with either agent alone.
Effects of combined rapamycin and sorafenib treatment on proliferation of CRCs with variable genetic backgrounds.Since rapamycin and sorafenib synergize to inhibit proliferation, we analyzed a panel of CRC cell lines, harboring varying genetic mutations in KRAS, BRAF and PIK3CA, for their sensitivity to the antiproliferative effects of rapamycin and sorafenib ( Figure 3A) . We found that CRC cells with mutational activation of the Ras/MAPK signaling pathway (KRAS or BRAF mutations), including SW620, HCT116, DLD1 and HT-29, were sensitive to sorafenib monotherapy ( Figure 3B-E) . In contrast, Caco-2 cells, which lack mutational activation of either KRAS or BRAF, were resistant to sorafenib monotherapy ( Figure 3F ). Furthermore, CRC cells with PIK3CA mutations, including HCT116, DLD1 and HT-29, were sensitive to rapamycin monotherapy, while those lacking mutational activation of the PI3K/Akt pathway (SW620, Caco-2) were resistant.
PIK3CA or PTEN mutations often coexist with KRAS or BRAF mutations in CRC cells [4] . Although CRC cells with coexistent mutations in PIK3CA and KRAS (HCT116 and DLD1) were sensitive to rapamycin and sorafenib monotherapy, we found that these cells only displayed a modest (30-40%) decrease in proliferation upon treatment with either agent alone. However, combination treatment with rapamycin and sorafenib resulted in significant greater inhibition of proliferation of these cells compared to either monotherapy ( Figures 3C and  3D) . Similar results were noted in HT-29 cells, which have coexistent mutations in PIK3CA and BRAF ( Figure 3E ). Finally, in Caco-2 cells, which lack mutational activation of either PI3K/Akt or Ras/MAPK signaling, no differences were noted in monotherapy, and while combination treatment significantly inhibited proliferation, the effect was more modest than in other cell lines ( Figure 3F ). Taken together, these findings suggest that CRCs harboring coexistent mutational activation of PI3K/Akt and Ras/MAPK signaling are only partially sensitive to either rapamycin or sorafenib monotherapy, but are highly sensitive to combination treatment with rapamycin and sorafenib.
Oncogenic KRAS and PIK3CA mutations affect the response of CRCs to rapamycin and sorafenib. Based on the above findings, we hypothesized that oncogenic activation of PI3K/Akt and Ras/MAPK signaling, by PIK3CA and KRAS mutations, respectively, could represent a major genetic determinant of the response to treatment with rapamycin and sorafenib in CRCs. To test the effects of the PIK3CA mutation upon response to rapamycin and sorafenib, we used HCT116 Combination of rapamycin and sorafenib in CRC cells with genetic deletion of the PIK3CA R1047 mutant allele [21] . Consistent with our previous finding that CRC cells with mutational activation of PIK3CA are sensitized to the antiproliferative effects of rapamycin, we found that HCT116-derived isogenic cells, retaining only the wild-type PIK3CA allele, were slightly less sensitive to rapamycin as compared to the isogenic cells with only the mutant PIK3CA allele ( Figure 4A) . Moreover, the combination of rapamycin with sorafenib was more effective than either agent alone in cells with coexistent KRAS and PIK3CA mutations, but not in cells retaining only the wild-type PIK3CA allele along with mutant KRAS.
To determine the effects of the KRAS mutation on response to rapamycin and sorafenib, we utilized HCT116 cells in which the KRAS D13 mutant allele has been genetically deleted by homologous recombination [22] . Interestingly, HCT116-derived isogenic cells retaining only the wild-type KRAS allele (HKe-3) were resistant to sorafenib, but were more sensitive to rapamycin compared to either parental or isogenic cells with mutant KRAS (Figures 3C and 4B) . Furthermore, the combination of rapamycin and sorafenib inhibited proliferation to the same extent as rapamycin monotherapy in these isogenic mutant cells with deletion of the mutant KRAS allele. These findings suggest that KRAS mutation may confer resistance to rapamycin and may be required for sensitivity to sorafenib in CRCs. Moreover, combination treatment with rapamycin and sorafenib is more effective than treatment with either agent alone in CRCs harboring coexistent KRAS and PIK3CA mutations.
Functional effect of combined rapamycin and sorafenib treatment on apoptosis, cell cycle progression, migration, invasion and soft agar colony formation in CRCs with coexistent PIK3CA and KRAS mutational activation.
The mTOR signaling pathway plays a critical role in several processes underlying CRC tumorigenesis and metastasis, including apoptosis, cell-cycle progression, soft agar colony formation, migration and invasion; however, previous studies have shown that rapamycin only partially inhibits these functions [9, 19] . Based on our above findings, we hypothesized that treatment with sorafenib will enhance the efficacy of rapamycin in the inhibition of these processes.
The synergistic interaction between rapamycin and sorafenib in decreasing cell proliferation may be attributed to decreased cell-cycle progression and/or increased induction of apoptosis. We determined the effects of rapamycin and/or sorafenib on serum-starvation induced apoptosis in these cells. As shown in Figure 5A , HCT116 cells treated with both rapamycin and sorafenib demonstrated significantly increased sensitivity to serum-starvation induced apoptosis compared to cells treated with either rapamycin or sorafenib alone. Furthermore, the percentage of cells in S-phase decreased, while the percentage of cells in G 0 /G 1 increased markedly in HCT116 cells treated with both rapamycin and sorafenib compared to cells treated with either agent alone ( Figure 5B and Supplemental Figure 1) .
We have recently demonstrated a critical role for mTORC1 and mTORC2 in regulating the migration, invasion and metastasis of CRCs [19] . However, treatment with rapamycin only attenuated the migration and invasion of HCT116 cells by approximately 40-50%. Therefore, we determined the effect of combining rapamycin with sorafenib on migration and invasion of CRC cells. We found that HCT116 cells treated with both rapamycin and sorafenib demonstrated significantly decreased migration and invasion compared to cells treated with either rapamycin or sorafenib alone ( Figures 5C and 5D, respectively) . Finally, we also determined the effects of rapamycin and/or sorafenib on soft agar colony formation (Supplemental Figure 2) . Rapamycin caused a modest but significant decrease in HCT116 colony formation compared to the control group. Surprisingly, sorafenib completely abolished formation of colonies in soft agar, either alone or in combination with rapamycin. Taken together, our findings suggest that combination with sorafenib enhances the therapeutic efficacy of rapamycin on the induction of apoptosis and the inhibition of cell-cycle progression, migration and invasion, but not soft agar colony formation, in CRC cells harboring coexistent mutations in KRAS and PIK3CA.
Combined treatment with rapamycin and sorafenib suppresses subcutaneous growth of xenografts derived from CRCs with coexistent PIK3CA and KRAS mutational activation in vivo.
We next investigated the in vivo efficacy and safety of the combination of sorafenib and rapamycin in athymic nude mice bearing HCT116 CRC subcutaneous xenografts. After 10 days, when established tumors of approximately 100 mm 3 volume were detectable, groups of five mice were treated with vehicle, rapamycin (5 mg/ kg), sorafenib (30 mg/kg) or combination of rapamycin and sorafenib (same doses as monotherapy treatment groups). Mice were sacrificed after 23 days of treatment since tumor burden in mice treated with vehicle (control) was at the maximal limit as per institutional guidelines. Rapamycin or sorafenib alone demonstrated approximately 40-50% reduction in tumor weight at the end of the treatment period ( Figure 6A) . Furthermore, the combination of rapamycin and sorafenib was more effective than monotherapy at inhibiting tumor growth and was actually able to cause tumor regression ( Figure 6A-D) . Notably, combined treatment with sorafenib and rapamycin at the dose and schedule tested in this study was well tolerated by all mice, with no weight loss or other signs of acute or delayed toxicity. Immunohistochemical analysis of tumors was used to confirm the efficacy of rapamycin and sorafenib treatment by determining expression levels of pS6
Ser235/236 and pERK Thr202/Tyr204 , respectively (Supplemental Figure 3) . Similar to the in vitro findings, rapamycin treatment resulted in feedback activation of pAkt Ser473 and pERK Thr202/Tyr204 expression, while its combination with sorafenib blocked feedback activation of PI3K/Akt and Ras/MAPK signaling pathways. There were no significant differences in angiogenesis noted between the various treatment groups as determined by quantification of immunohistochemical CD31 staining (data not shown). Collectively, the results presented in this study highlight the efficacy and safety of concomitant treatment with rapamycin and sorafenib to inhibit tumorigenesis and progression of CRCs.
Discussion
In this study, we determined the therapeutic efficacy and safety of combining sorafenib with rapamycin for CRC treatment. First, we noted positive correlation in expression of pAkt Ser473 and pERK Thr202/ Tyr204 in advanced CRC specimens. Second, we show that inhibition of mTORC1 by rapamycin leads to feedback activation of PI3K/Akt and Ras/MAPK signaling. Combination with sorafenib abrogates rapamycin-induced activation of PI3K/Akt and Ras/MAPK signaling pathways. Moreover, combination of rapamycin with sorafenib is synergistic and more effective than treatment with either agent alone at inhibiting proliferation of CRCs. Third, CRCs harboring coexistent KRAS and PIK3CA mutations are only partially sensitive to either rapamycin or sorafenib monotherapy, but are highly sensitive to combination treatment with rapamycin and sorafenib. Fourth, combination with sorafenib enhances the therapeutic efficacy of rapamycin on induction of apoptosis and inhibition of cell-cycle progression, migration and invasion. Finally, we demonstrate the efficacy and safety of concomitant treatment with rapamycin and sorafenib to inhibit tumorigenesis of human xenografts derived from CRCs harboring coexistent mutations in KRAS and PIK3CA. These findings may have relevant therapeutic implications for treatment of CRC patients, especially those with tumors harboring co-existent KRAS and PIK3CA mutations. Addiction to aberrant signaling caused by mutant oncogenes, such as KRAS or PIK3CA, not only provides cancer cells with a survival advantage over their normal counterparts, but is also required to evade cell death. PI3K/Akt and Ras/MAPK signaling pathways are two of the most frequently dysregulated cascades in human cancer, which cooperate to promote survival and tumorigenesis. Consistent with this notion, we found significant correlation in expression of pAktSer473 and pERK Thr202/Tyr204 in tissues from metastatic CRC patients. Integrated signaling between the PI3K/Akt and Ras/MAPK pathways may explain why monotherapy with single-pathway inhibitors, such as rapamycin, may be insufficient to completely inhibit proliferation and induce apoptosis in CRCs with coexistent mutational activation of these pathways. We propose that the synergism noted between rapamycin and sorafenib may be because of the ability of sorafenib to attenuate feedback induction of PI3K/Akt and Ras/MAPK signaling, which occurs with rapamycin treatment alone. Furthermore, sorafenib may be of greater benefit than PI3K/Akt or MEK inhibitors as a part of combination therapy because of its apparent ability to block feedback induction of both pathways.
Another important implication of our findings is that stratification of patients based on oncogenic mutations driving tumor growth is necessary for effective use of targeted therapies, such as rapamycin and sorafenib. CRCs harboring coexistent activation of PI3K/Akt and Ras/MAPK signaling, due to oncogenic mutations in PIK3CA and KRAS respectively, are only partially sensitive to either rapamycin or sorafenib monotherapy, but are highly sensitive to combination treatment with rapamycin and sorafenib. Deletion of the oncogenes responsible for activation of either pathway, as demonstrated in the isogenic cell lines, was sufficient to confer dependence on the other pathway. Furthermore, treatment of CRCs with both rapamycin-and sorafenib-induced apoptosis, while treatment with either agent alone had a predominantly cytostatic effect in vitro. Moreover, only combination treatment with rapamycin and sorafenib was able to induce tumor regression of CRC xenografts in vivo. This is important from a clinical standpoint as optimal therapeutic regimens are able to induce both antigrowth and cytotoxic effects on cancer cells, thus resulting in tumor regression.
Although sorafenib was originally described as a RAF kinase inhibitor, later studies demonstrate that it can inhibit other biologically relevant targets, particularly receptor tyrosine kinases (RTKs) involved in angiogenesis such as vascular endothelial growth factor receptor (VEGFR 1, 2 and 3) and platelet-derived growth factor receptor (PDGFR) [23] . Therefore, one possibility for the in vivo inhibitory effect of sorafenib in our current study could be inhibition of angiogenesis; however, we assessed expression of CD31 as an indication for change in tumor vasculature [13] and did not see differences in expression between the treatment and control groups. While these findings suggest that inhibition of angiogenesis may not be the mechanism for the effects noted in the sorafenib-treated, xenografted tumors, it does not entirely exclude the possibility of the inhibition of other RTKs known to be affected by sorafenib (e.g. c-Kit, Flt-3 or RET). Finally, several reports have shown that certain BRAF inhibitors can activate CRAF and ERK by inducing dimerization of BRAF-CRAF in cancer cells with KRAS mutations [24, 25] . Although sorafenib is capable of inducing BRAF-CRAF dimerization, the downstream ERK phosphorylation is still inhibited likely because of its ability to inhibit other upstream RTKs [24] . In our study, we did not observe any ERK transactivation. In fact, we found that sorafenib actually blocked rapamycin-mediated Akt and ERK induction.
In conclusion, our data suggest that the combination of rapamycin with sorafenib is safe and highly effective at inhibiting the tumorigenesis and progression of CRCs harboring KRAS and PIK3CA mutations. The safety and efficacy of this combination treatment has been demonstrated in other cancers, including melanoma, hepatocellular carcinoma and renal cell carcinoma [26] [27] [28] [29] [30] . Furthermore, rapamycin analogues, such as everolimus and temserolimus, as well as sorafenib, are already FDA approved for treatment of certain solid tumors, such as hepatocellular carcinoma and renal cell carcinoma, which facilitates rapid incorporation into clinical trials. Our findings provide the rationale for including rapamycin and sorafenib as part of the therapeutic regimen for treating CRC patients, particularly those with tumors harboring coexistent KRAS and PIK3CA mutations.
Combination of rapamycin and sorafenib in CRC
